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Paleogenetic analysis for tuberculosis (TB) was conducted on bone and sediment samples dating from the
17th to 19th centuries from the archeological site of Nossa Senhora do Carmo Church in Rio de Janeiro,
Brazil. Forty samples were analyzed, corresponding to 32 individuals from 28 burials, 22 of primary type
and 6 of secondary type. The samples were collected following strict paleogenetic investigation guide-
lines and submitted to ancient DNA (aDNA) extraction. In order to detect TB infection, aDNA hybridiza-
tions with the molecular targets of Mycobacterium tuberculosis complex (MTC) IS6110 and IS1081 were
applied. Additionally, the ancestry of individuals was assessed by human mitochondrial DNA (mtDNA)
analysis of hypervariable segment I (HVS-I) sequence polymorphisms. The results of aDNA hybridizations
demonstrated varying levels of MTC intensity in 17/32 individuals (53.1%), using the IS6110 target. The
IS1081 MTC target showed lower sensitivity, conﬁrming TB positivity in 10/32 (31.2%) individuals. The
mtDNA analysis allowed the recovery of HVS-I sequences in 23/32 individuals (71.8%). The majority of
these individuals (21/23, 91.3%) were of European ancestry, especially in primary burials. Haplogroups
U, J, V, T, K, N, H and R, were identiﬁed with haplogroup U being the most frequent at 6/23 (26.1%). African
and Amerindian mtDNA haplogroups were observed in two individuals in secondary burials. In spite of
the ecclesiastic and aristocratic bias of the population of the study, human ancestry analysis revealed
the prominent contribution of Europeans in the introduction or spread of TB in the New World.
 2011 Elsevier B.V. Open access under the Elsevier OA license. 1. Introduction
The mycobacterial disease tuberculosis (TB) has plagued hu-
mans, and probably our hominid ancestors, for millennia (Wilbur
et al., 2008). The epidemiological history of mycobacterial infection
has been supported by reports of ancientMycobacterium tuberculo-
sis (Donoghue et al., 2004). In spite of this, some issues remain ob-
scure or have generated debate. Investigations of ancient DNA
(aDNA) have been helpful in answering important questions
regarding the origin, evolution, and spread of tuberculosis. For
many years, it was thought that human tuberculosis evolved from
the bovine disease by adaptation ofMycobacterium bovis to the hu-
man host during domestication, 10,000–15,000 years ago. It is now
known that members of theM. tuberculosis complex (MTC) evolved
from a common ancestor that existed about 3 million years ago
(Brosch et al., 2002), and that the bacillus suffered a major bottle-
neck approximately 15,000–20,000 years ago (Sreevatsan et al.,: +55 21 22604282.
).
r OA license. 1997). The recovery of M. tuberculosis aDNA from North American
bison from the Pleistocene (17,500 years ago) and from Egyptian
and South American human mummies have provided strong
validation.
Historical evidence supports the epidemic character of TB in
Europe from the 16th to the early 20th centuries (Daniel, 2000;
Fletcher et al., 2003). Pulmonary tuberculosis is indicated as a ma-
jor cause of death in Europe during the 18–19th centuries (Cole,
2002). Paleogenetic studies have shown the presence of MTC and
M. tuberculosis aDNA in European populations. It is recognized that
TB existed in America before the arrival of European settlers. Sev-
eral studies have veriﬁed paleopathological evidence on human
bones indicative of TB as well as the detection of MTC aDNA, in hu-
man remains (Buikstra and Cook, 1981; Gomez i Prat and de Souza,
2003; Salo et al., 1994). In South America, pulmonary and osteolog-
ical TB have been assessed by MTC aDNA, paleopathology, and
multidetector computed tomography (MDCT) analysis, mainly in
pre-Columbian populations of Peru and Chile, with single records
in Venezuela and Colombia (Allison et al., 1973; Arriaza et al.,
1995; Klaus et al., 2010; Requena, 1945; Sotomayor et al., 2004;
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introduced by the ﬁrst human migrations during the peopling of
America, remaining at low endemic levels. An epidemic pattern
was only reached in urban centers or when biocultural or/and so-
cial disruption took place (Gomez i Prat and de Souza, 2003). It has
also been suggested that non-tuberculosis Mycobacterium species
caused infection during this period, and that Europeans introduced
new strains of MTC into the Americas. Whether TB emerged or was
introduced into New World, the reality is that, clearly, TB became
more widespread and potent after the arrival of Europeans, and a
large number of cases and death among native Americans was re-
lated to intensiﬁcation of contact with Europeans. There is cur-
rently no aDNA record of TB existence in prehistoric or even in
historic times in Brazil. More likely than reﬂecting a lack of infec-
tion, this can be attributed to the climatic conditions of the coun-
try, which are not favorable to preservation, and therefore, there is
a scarcity of mummies or well preserved skeletal remains.
Nossa Senhora do Carmo Church (1761) in Rio de Janeiro was
the chapel of the Portuguese royal family during the Empire Colo-
nial period and the Cathedral of the city until 1976. In 2007, during
an architectural restoration, archeological excavation of the church
identiﬁed numerous burials dating from the 17th to 19th centuries.
Human remains were collected following paleogenetic investiga-
tion guidelines on the archeological site to avoid aDNA degradation
and contamination by modern DNA of the skeletal series. The
material provided an excellent opportunity to research the ances-
tral patterns of the human population and the presence of patho-
gens of parasitic and infectious diseases during the Brazilian
historical period since the beginning of Portuguese colonization
at the end of the Brazilian Empire. In the present study, we con-
ducted genetic analysis of human remains from Nossa Senhora
do Carmo Church in order to (i) detect the presence of TB infection
by MTC aDNA analysis; (ii) examine human ancestry of the popu-
lation buried at the archeological site through mitochondrial DNA
(mtDNA) analysis; and (iii) generate new data on the epidemiology
of tuberculosis in South America during early European contact.2. Materials and methods
2.1. The archeological site Nossa Senhora do Carmo Church
The history of the Nossa Senhora do Carmo Church or Antiga Sé
(1761) began with the construction of a chapel for the installation
of the Carmelite order during the ﬁrst years following the founding
of the city of Rio de Janeiro, before the year 1600. After the collapse
of the chapel during a celebration day, the church was rebuilt and
ofﬁcially inaugurated in 1761. In 1808, after the arrival of the Por-
tuguese Royal Family in Brazil, the church was designated as the
Royal Chapel. In the same year, the church was named the Cathe-
dral of Rio de Janeiro and remained so until 1976. In 2007, as part
of the commemoration of 200th anniversary of the arrival of the
Portuguese Royal Family to Brazil, an architectural and artistic res-
toration was undertaken, and numerous burial sites were discov-
ered under the ﬂoor of the church.
The archeological excavation of the Church Nossa Senhora do
Carmo was conducted by the Institute of Brazilian Archaeology
(Instituto de Arqueologia Brasileira – IAB) from January, 2007
through March, 2008. Twelve areas were excavated and three
types of archeological structures were restored: combustion struc-
tures, occupied structures, and ceremonial structures (Dias, 2008).
Combustion structures were identiﬁed as a ﬁre, together with
bones, tools, and Neo-Brazilian pottery, located in the more ancient
level of the site, suggestive of a prehistoric period pre-dating to the
chapel construction (Dias, 2008). Ceremonial structures were iden-
tiﬁed when artifacts of Catholic rituals where found in the ex-humed burials, near or related to the body. Three structures of
occupation, the Vermelha Chapel, the Nossa Senhora do Carmo
Church complex, and the Senhor dos Passos Chapel were identiﬁed.
Afro-Brazilian artifacts were found associated with Vermelha Cha-
pel. Forty-three human burials and ossuaries were identiﬁed dat-
ing from 17th to 19th centuries. The bio-anthropological analysis
was conducted according to Buikstra and Ubelaker (1994). Data
on gender and age at time of the death were estimated by morpho-
logical and morphometric characteristics of the skeletal remains.
Samples from 28 burials were analyzed in this study, 22 were clas-
siﬁed as primary type and 6 as secondary type. A primary type was
deﬁned as the ﬁrst placement of a totally or almost totally articu-
lated body. Secondary burial is when the remains of a primary bur-
ial are exhumed, altered, or moved to an ossuary or other place,
and therefore the burial is presented in two or more stages (Souza,
1997). Most primary burials were simple, with only one individual,
with 4 being collective, containing more than one individual. Most
subjects were young adults, under 30 years old (78%), and there
were an equal number of men and women (n = 8) (Table 1). The
archeological remains selected for TB research comprised a series
of bones, teeth, and sediment-samples related to organs usually af-
fected by pulmonary and osseous TB (Table 1). Sediment-samples
were fragmented tissue contained in the surrounding matrix, col-
lected in situ in the area where the organ would have been located.
Pathological evidence of TB, as osseous lesions, was not observed
on the rib or vertebrae samples.
2.2. Precautions to avoid contamination
Measures were taken to avoid aDNA degradation, contamina-
tion frommodern DNA, and cross-contamination during the collec-
tion procedures in the archeological excavation and the aDNA
analysis, including use of protective clothing, gloves, head cover-
ing, masks, and sterile instruments and equipment (Cooper and
Poinar, 2000; Drancourt and Raoult, 2005). The excavated samples
were immediately placed in sterile containers at 4 C, protected
from light and humidity, and transported to the laboratory. The
samples were maintained at 20 C until the aDNA analysis in
the Unit of Paleogenetics, an isolated environment, exclusively
dedicated to aDNA research, physically distant from the major lab-
oratory [Laboratory of Molecular Genetics of Microorganisms
(LGMM), Oswaldo Cruz Institute/Oswaldo Cruz Foundation (IOC/
FIOCRUZ)]. The preparation of samples, aDNA extraction, and PCR
were performed at the Unit of Paleogenetics. Electrophoresis,
sequencing, and sequence analysis were conducted at the LGMM.
Mycobacteria had not previously been introduced into either labo-
ratory. All work surfaces and equipment were treated with sodium
hypochlorite and exposed to UV irradiation. All reagents were sep-
arated in aliquots for single use. Cotton-ﬁltered tips were always
used in pre-PCR and PCR steps. To avoid cross-contamination, each
sample was mechanically cleaned and crushed independently.
Extraction blank controls were processed in parallel with samples
(1 blank for each 6 samples). PCR negative controls, with no DNA
template, were always included (1 blank for each 4 samples). The
authenticity criteria include the absence of a detectable amplicon
in the extraction blank and PCR negative controls; PCR positive
controls were not included. More than one target was performed
for MTC detection, and host DNA was analyzed in parallel with
the MTC DNA. In addition, environmental control samples were
collected around and between the burial sites and analyzed to
monitor possible MTC contamination of soil.
2.3. aDNA extraction
All bone and teeth samples were decontaminated of exogenous
DNA by exposing the surface to UV light for 15 min on all sides, and
Table 1
Samples analyzed from the archeological site, Nossa Senhora do Carmo Church, Rio de Janeiro, Brazil.
Burial Burial type No. of bodies Age (years) Gender Sample type (sample name)
3 1 1 Adult (>30) Undetermined Lung sediment (3G), cervical vertebra (3H)
5 1 1 Adult Male Calcaneus (5A)
6 1 1 Adult (>20) Female Metatarsus (6A)
7 1 1 Young (18–25) Female Lung sediment (7H)
8 1a 1 Adult Undetermined Vertebra (8C)
9 1 1 Adult Male Rib (9A), lung sediment (9B)
12 1 1 Adult Undetermined Rib (12E)
14 1 1 Adult Undetermined Ileum (14B)
15 1 1 Young (18–20) Female Rib (15B), lung and mouth sediment (15D)
17 1a 2 Adult (>30) Undetermined Lung sediment (17A), rib (17C)
Adult (<25) Undetermined Rib (17I)
18 1 1 Young (18–20) Female Phalange (18D)
19 1a 1 Young Undetermined Rib (19A), lung sediment (19B)
20 1 1 Adult (25) Female Rib (20B)
22 1 1 Young (18–20) Female Rib (22F)
23 1a 1 Adult (<30) Female Metatarsus (23D)
25 1 1 Adult (<30) Male Rib (25D)
26 2a 1 Child (5–7) Undetermined Vertebra (26C)
28 1 1 Adult (<30) Male Phalange(28E)
29 1 1 Adult Undetermined Clavicle (29B)
30 1 1 Adult (<30) Male Metatarsus (30D)
31 2a 3 Undetermined Undetermined Skull (31c10)
Undetermined Undetermined Skull (31c12)
Undetermined Undetermined Skull (31c15)
32 1 1 Adult (<30) Female Mouth sediment (32A), lung sediment (32B)
33 1 1 Adult (>30) Male Metatarsus (33C)
34 1 1 Adult (<30) Male Lung sediment (34A), clavicle (34I)
36 2a 2 Adult (<30) Male Vertebra (36B)
Child Undetermined Rib (36C)
38 2 1 Undetermined Undetermined Nose sediment (38A), mouth sediment (38B)
39 2 1 Undetermined Undetermined Parietal (39A)
41 2 1 Undetermined Undetermined Skull (41A)
Total: 28 32 40
a Collective burial.
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bone and teeth samples were submitted to manual trituration
using liquid nitrogen and approximately 200 mg of the resulting
powder were used for aDNA extraction. The sediment-samples
were rehydrated (1:2 w/v) with 0.5% aqueous trisodium phosphate
solution for 48 h at 4 C. Approximately 200 lL rehydrated sedi-
ment-samples were used for aDNA extraction. Samples were trea-
ted with 1.0 mL digestion buffer (NaCl 10 mM, Tris–HCl 10 mM,
SDS 0.5%, EDTA 50 mM, pH 8.0) with 1 mg/mL of Proteinase K
(Invitrogen) and incubated at 65 C for 48–72 h. The bone and
teeth solutions were then treated with IQ System (Promega),
according to the manufacturer’s instructions, and the sediment-
samples with the standard phenol:chloroform method. The aDNA
extract was puriﬁed by a GFX PCR DNA and Gel Band Puriﬁcation
kit (GE HealthCare), and the concentrations were estimated at
260 nm absorbance on a spectrophotometer (NanoVue Plus – GE).
2.4. MTC DNA hybridization analysis
A dot blot procedure was conducted as described elsewhere
(Sambrook and Russel, 2001). A total of 40 aDNA samples extracted
fromhuman remains and 6 controls (including 5 positive and 1 neg-
ative) were applied to an 11  7.5 cm Hybond membrane (Amer-
sham). Multiple samples from the same individual and samples
from different individuals from the same burial were used. After
air-drying, the membrane was subjected to UV light for 30 min.
DNA probes of 93 and 113 bp, corresponding to the molecular tar-
gets IS6110 and IS1081, respectively (Taylor et al., 1996, 2005), were
prepared by PCR and puriﬁed by a GFX PCR DNA and Gel Band Puri-
ﬁcation kit (GE HealthCare). Probes were labeled by chemilumines-
cence using Gene Images Alkphos Direct Labeling and Detection
Systems (Amersham), according to the manufacturer’s instructions.The membranes were incubated overnight at 60 C. Development
was performed with Kodak reagents following the manufacturer’s
instructions. A dot blot membrane containing the DNA from envi-
ronmental control samples of burials was performed following the
same procedure described above. DNA from four MTC type strains
were used as hybridization positive controls for IS6110 and IS1081
probes: M. tuberculosis T92 (ATCC27294T), M. tuberculosis H37Rv
(ATCC27294T),M. bovis BCG (ATCC19210T) andMycobacterium afri-
canum T85 (ATCC25420T). The DNA extraction of the MTC type
strains was performed in the Laboratory of Molecular Biology Ap-
plied to Mycobacterium (LBMAM/IOC/FIOCRUZ), an independent
laboratory located in a building geographically distant from theUnit
of Paleogenetics and LGMM laboratories. Human DNA used as a
hybridization negative control to MTC probes was obtained from
the human DNA collection of the LGMM laboratory.
2.5. Human mtDNA ampliﬁcation and sequencing
The attempt to amplify fragments of hypervariable segment I
(HVS-I) of the human mtDNA was performed using two sets of
primers: L16209 (50-CCATGCTTACAAGCAAGT-30) and H16356 (50-
GTCATCCATGGGGACGAGAA-30) (Handt et al., 1996) and L16070
(50-ACCCATCAACAACCGCTATG-30) and H16259 (50-
GTGGCTTTGGAGTTGCAGTT-30) (designed in this study), with 147
base pair (bp) and 189 bp, respectively. PCR ampliﬁcation was car-
ried out in 50 lL volumes containing 1 PCR buffer, 2 mM of
MgCl2, 1 mM of dNTPs, 2.0 units of Platinum Taq (Invitrogen),
100 ng each primer and 5 lL of DNA or 30 ng. Cycling conditions
were: an initial denaturation step at 94 C for 3 min; 40 cycles of
94 C for 30 s, 55 C for 30 s, and 72 C for 30 s; followed by a ﬁnal
extension step at 72 C for 5 min. Extraction blank controls and
PCR negative controls were included, but positive PCR controls
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electrophoresis (Specially Puriﬁed Agarose NA, GE HealthCare)
stained with ethidium bromide. The Reconstructive Polymeriza-
tion method was performed before PCR ampliﬁcation, as described
by Golemberg et al. (1996). The sequencing reaction was per-
formed using an ABI BigDye Terminator kit (Applied Biosystems)
according to the manufacturer’s protocol, with analysis in both
directions, on an ABI 3730 (Applied Biosystems) automated se-
quencer. Bio Edit v 7.0.4 (Department of Microbiology, North Car-
olina State University, USA) and Lasergene Seqman v. 7.0.0
(DNASTAR, Madison, WI, USA) were used for editing and sequence
analysis. The human mtDNA sequences were compared to mtDNA
from the GenBank database and from laboratory staff.3. Results
3.1. Preservation of samples
In general, the human remains from the archeological site were
found in a poor state of preservation and were extremely frag-
mented. In addition, since the Nossa Senhora do Carmo Church is lo-
cated near the coast, some burials were affected by tidal saltwater
intrusion. Thiswas apparent at the archeological site during the pro-
cess of anthropological investigation and paleogenetic collecting.
The human remains observed consisted only of bone and teeth sam-
ples from incomplete and partial skeletons and ossuaries (Table 1).
In some individuals in primary burials it was possible to observe
the characteristic Christian burial, with the feet pointed toward
the altar.3.2. Archeological context
Given the fact that the archeological site was located in a
church, many articles related to Catholicism were expected to beFig. 1. Cultural artifacts found on the archeological site of the Nossa Senhora do Carmo Ch
Iniguez. A: A fragment of a cruciﬁx on mother of pearl; B: A cruciﬁx on metal; C: Snails
amulet on blue glass named ‘‘ﬁga’’. (For interpretation of the references in color in thisfound (Dias, 2008). However, not many artifacts of this type were
recovered. Fragments of cruciﬁxes and gold ornaments were recov-
ered (Fig. 1A). In particular a fragment of a metal cruciﬁx was dis-
covered with the body of burial 22 (Fig. 1B). Interestingly, evidence
of non-Catholic religions, such as elements of African culture used
by African-Brazilian cults, was also found, not directly associated
with a speciﬁc burial, but arranged in an area that lay outside
the original chapel (Fig. 1C and D).3.3. Tuberculosis hybridization
M. tuberculosis complex aDNA was detected in human remains
samples from the archeological site. The results showed varying
intensities of hybridization, classiﬁed as strong, moderate, or weak.
Twenty-three samples corresponding to 17/32 individuals (53.1%)
showed positive results with the IS6110 target (Fig. 2A and B). Five
samples showed strong intensity, four had moderate intensity, and
14 exhibited weak intensity. Seventeen samples produced negative
results. The aDNA hybridization with the IS1081 target showed 14
positive samples, corresponding to 10/32 individuals (31.2%)
(Fig. 2C). Two samples had moderate intensity, 12 had weak inten-
sity, and 26 showed negative results. Of the 10 rib samples ana-
lyzed, 7 showed positive results with IS6110 and 3 with IS1081.
Four vertebra samples were analyzed with only one being positive
for the IS6110 target. All sediment-samples exhibited positive re-
sults with the IS6110 target, and only one showed a negative result
with the IS1081 target.
Multiple samples from a single individual were examined from
burials 3, 9, 15, 17, 19, 32, 34, and 38 (Table 1). For four of the eight
burials MTC positivity was conﬁrmed in more than one sample. In
burials 9 and 17, the MTC signals from rib samples were conﬁrmed
on lung sediments. MTC positive results were corroborated by sed-
iment collected from two organ sites of the same individual in
burials 32 and 38. In 4/8 burials the MTC aDNA hybridizationurch, Rio de Janeiro, Brazil. IAB collection. Scale bars = 1.0 cm. Photographed by A.M.
named African ‘‘buzios’’ commonly used in Afro-Brazilian cults; D: A Afro-Brazilian
ﬁgure legend, the reader is referred to the web version of this article.)
Fig. 2. Results and schematic representation of aDNA hybridization with MTC probes for TB detection. A: Results of aDNA hybridization using MTC IS6110 target. Blue circles
are positive samples; Black circles are negatives samples; Red circles are MTC positive controls; Green circles are negative control. B: Schematic representation of
hybridization results for IS6110 target; C: for IS1081 target. a1: 3G; a3: 3H; a5: 5A; a7: 6A; a9: 7H; a11: 8C; b2: 9A; b4: 9B; b6: 12E; b8: 14B; b10: 15D; b12: 15B; c1: 17A; c3:
17C; c5: 17I; c7: 18D; c9: 19B; c11: 19A; d2: 20B; d4: 22F; d6: 23D; d8: 25D; d10: 26C; d12: 28E; e1: 29B; e3: 30D; e5: 31c10; e7: 31c12; e9: 31c15; e11: 32B; f2: 32A; f4:
33C; f6: 34A; f8: 34I; f10: 36B; f12: 36C; g1: 38A; g3: 38B; g5: 39A; g7: 41A; h2:M. tuberculosis T92 positive control; h4:M. bovis BCG positive control; h6:M. africanum T85
positive control; h8:M. tuberculosis H37Rv positive control; h10: pool DNAs positive controls; h12: human DNA negative control. Colorless/white circles: negative results; full
black circle: strong positive; gray circle: intermediate positive; dashed circle: weak positive intensity. (For interpretation of the references in color in this ﬁgure legend, the
reader is referred to the web version of this article.)
Table 2
Results of MTC and mtDNA haplogroup analysis from aDNA the archeological site,
Nossa Senhora do Carmo Church, Rio de Janeiro, Brazil.
Burial Burial type Hybridization results mtDNA haplotypes
IS6110 IS1081
3 1 + + U22
8 1a +  J1b
9 1 + + T2a
12 1 +  V
14 1 + + K1a
17 1a + + T1-T5
18 1   U1b
19 1a + + N1b1
20 1 +  H
22 1 +  U5
a
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bone samples.
In burial 17, where two bodies were found, the analysis of a rib
from each body, and a lung sediment-sample from one of the indi-
viduals, yielded positive signals for both targets. In burial 36, ver-
tebra and rib samples from two individuals were analyzed, but no
MTC signal was observed. Almost all individuals positive for MTC
hybridization were from primary burials, 14/17 (82.3%). Only
31c12, 38, and 41 were from secondary type burials.
All positive controls had the expected positive result, with
intensities varying according to the target used. The human DNA
negative control showed no hybridization to either molecular
MTC target. The membrane with environmental samples showed
no signal of DNA hybridization for either target.23 1   U1b
25 1 +  N
28 1   U5
29 1   R1
30 1   N1b1
31 2a   T1-T5
+  H
  U1b
34 1 + + V
36 2a   C
  L
38 2 + + H
41 2 +  K1a
a Collective burial.3.4. Human mtDNA analysis
The analysis of human mtDNA showed that it was possible to
retrieve the HVS-I target and determined the mtDNA haplotype
in 20/28 burials corresponding to 23/32 individuals (71.8%). Re-
sults showed a high diversity of mtDNA haplotypes with the
majority of European ancestry, 21/23 (91.3%) (Table 2). The haplo-
group U was the most frequent with 26.1%. All individuals found in
primary burials belonged to European haplogroups U, J, V, H, T, K,
N, and R. The analysis of mtDNA samples from the secondary buri-
als showed the European haplogroups U, T, K, N, and H. In both
types of burials, the European haplogroup U was the most fre-
quent, with 4/15 (26.7%) and 2/8 (25.0%) in primary and secondary
burials, respectively. Interestingly, in secondary burials single re-cords of the Amerindian haplogroup C and the African haplogroup
L were found (Table 2).
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This study demonstrated the presence of infection by mycobac-
teria from MTC in individuals dating from the 17th to 19th centu-
ries buried at the archeological site of Nossa Senhora do Carmo
Church, Rio de Janeiro, Brazil. This site presented an unprecedented
opportunity to study the population and infectious disease in Bra-
zil for this time period. Moreover, because the Antiga Sé church
was founded on an old chapel, prehistoric material was also ob-
served (Dias, 2008). However, the bioanthropological material
found consisted only of extremely fragmented human skeletal
material. The normal climate of Rio de Janeiro is characterized by
high temperatures and humidity and may have interfered with
the preservation of the remains. Additionally, the numerous epi-
sodes of rebuilding of the church could have altered the original
burial disposition and hampered preservation. It is known that cli-
matic conditions such as low temperatures and high altitudes facil-
itate the preservation of nucleic acid in ancient samples. Despite
the poor preservation of the samples, it was possible to detect
the presence of mycobacteria through MTC and to determine the
human ancestry of individuals.
From the outset of the research,measureswere taken to improve
aDNAdetection and to avoid or controlmodernDNA contamination.
The human remains were collected following paleogenetic investi-
gationguidelineson thearcheological site, and the aDNAprocedures
were performed at the Unit of Paleogenetics in an isolated environ-
ment exclusively dedicated to aDNA research. The laboratories had
not been previously exposed to mycobacteria, and human mtDNA
haplotypes from archeologists and laboratory staff were identiﬁed.
The application of the DNA hybridization technique, which is more
sensitive than PCR and is not subject to PCR product contamination,
reinforced the credibility of results. Moreover, the high diversity of
human mtDNA haplotypes observed in the buried population and
the differences in the intensity of MTC hybridization signals con-
ﬁrmed the validity of results.
Immigration contributed to the formation of the Latino Ameri-
can populations. Brazilians are one of the most heterogeneous pop-
ulations in the world, the product of a genetic admixture of three
ancestral groups: native Amerindians, European colonizers, and
African slaves. It is estimated that approximately 500,000 Portu-
guese people migrated to Brazil during the colonial period. Alves-
Silva et al. (2000) reported that the human DNA pool of contempo-
rary Brazilians clearly reﬂects the imprints of early Portuguese col-
onization as well as the immigrant waves from Europe of the past
century. The ﬁnding of European haplogroup individuals in the
majority of burial sites and especially in primary burial sites is con-
sistent with the historical and genetic evidence. The church tradi-
tionally received the bodies of individuals of the ecclesiastical class
and Catholics of high social position, who could bear the costs of
the burial ceremony (Pereira, 2007). In Europe, during the 16th
century to the end of the 18th century, the dead were buried in
the church foundation following the Catholic liturgy (Gijon Botella
et al., 2010). In Brazil, the Catholic Church persisted with this prac-
tice. Moreover, the typical Christian burial position of some bodies
and the cultural evidence of Catholicism found on the archeological
site, such as cruciﬁxes, sometimes associated with a speciﬁc burial,
afﬁrmed the Catholicism of individuals.
The ﬁnding of African and Amerindian haplogroups in second-
ary burials suggests the use of the site as a cemetery before the
construction of the foundation of the church (1761). This is an
assumption based on the nonexistence of a cemetery in the city
dating to that time and supposes the use of the area of the old
chapel for this purpose. Evidence of Amerindian culture was not
found, but diverse articles of the African-Brazilian culture of a
religious character were recovered. In addition, the location ofthe African-Brazilian artifacts, corresponding to areas originally
external to the chapel, corroborates our statements.
The detection of tuberculosis infection was possible through the
application of the DNA hybridization technique. In our experience,
this technique is superior in paleogenetic analysis and has advan-
tages over PCR technique, especially working with poorly pre-
served samples: (i) the technique is highly sensitive to detect the
molecular probe, which is an excellent tool for the extremely frag-
mented condition of aDNA; (ii) the technique is not subject to the
action of potential inhibitors of the enzymatic reaction that is com-
mon in archeological samples; and (iii) the hybridized membrane
can be used many times with different targets, allowing optimiza-
tion of the analysis of the original samples. Of the two targets uti-
lized, IS6110 was more sensitive in detection of MTC in the
samples. It is known that multicopy genes and repeated sequences
make satisfactory targets for aDNA studies. The largest number of
positives to the target IS6110 can be explained by the number of
copies present in the genome of MTC bacteria. The IS6110 element
may vary from 1 to 25 copies, depending on the species, and the
IS1081 element has up to 6 copies (Collins and Stephens, 1991;
McEvoy et al., 2007). The use of environmental control samples
in parallel with the human remains samples is one of the aDNA cri-
teria deﬁned by Drancourt and Raoult (2005). In our study, we ana-
lyzed seven environmental control samples of burial sites and all
were negative for MTC aDNA hybridization.
The remains found in the Nossa Senhora do Carmo Church were
mainly of adults less than 30 years old. All lung sediment samples
and 7/10 rib samples showed positive results for TB infection.
These results suggest an acute and active pulmonary disease rather
than chronic or miliar disease. No bone changes were observed;
probably the majority of individuals died before lesions had time
to form or did not develop bone lesions. Mays et al. (2001) revealed
that skeletal TB occurs only in a minority of instances, based on
data from the pre-antibiotic era that indicates about 5–7% of cases
showing bone changes (Steinbock, 1976). Our results demon-
strated that sediment samples can be an important source of path-
ogenic bacterial aDNA detection and should be considered at the
time of collection of material.
The high frequency of TB infection detected in Nossa Senhora do
Carmo Church site, suggests that TB was highly prevalent in Rio de
Janeiro during the colonial period. When considering primary buri-
als of Europeans, the positivity for tuberculosis was even higher.
These data are in accord with historical estimates suggesting that,
in 1855, the mortality from tuberculosis in Brazil was 1/150 inhab-
itants (Campos and Pianta, 2001), with lethality estimated at 50%
death rate of individuals affected by TB (Hijjar et al., 2007). In
2003, Fletcher and colleagues detected M. tuberculosis DNA in over
50% of ribs from an eighteenth century Hungarian population, yet
less than 5% showed pathological changes (Fletcher et al., 2003). In
the present study, only individuals of European ancestry were po-
sitive for MTC in secondary burials, while African and Amerindian
individuals were negative. This indicated that European settlers
probably introduced, or at least were responsible for the spread
of, TB in the country. Tuberculosis was widespread in Europe,
accounting for one in four deaths from the 16th to the 18th centu-
ries (Spigelman and Donoghue, 2003). It reached epidemic propor-
tions in crowded villages and cities with poor sanitation, peaking
during the industrial revolution (Stearns and Koella, 2008). In Bra-
zil, TB also followed the social and economic development of big
cities. Rio de Janeiro city was the capital of Brazil from 1763 to
1960. In the 18th century it became the main commercial center
of the country and as a consequence underwent massive urbaniza-
tion (Fragoso and Florentino, 2001). Only in 1899, were nongovern-
mental organizations created to control the spread of the disease in
the city (Goncalves, 2000; Hijjar et al., 2007).
648 L.H. Jaeger et al. / Infection, Genetics and Evolution 12 (2012) 642–648The study of human remains from the historical period in South
American countries can provide fundamental information concern-
ing the origin and spread of TB in the NewWorld. This paleogenetic
study demonstrating the presence of TB in the city of Rio de Janeiro
since the 17th century, is the ﬁrst conducted with archeological
samples from Brazil. In spite of the ecclesiastical and aristocratic
bias in the population of this study, human ancestry analysis re-
vealed the prominent contribution of European people in the intro-
duction or spread of TB in the city. The evidence presented in this
work, with high frequency of TB in people of European origin, con-
ﬁrms the historical observations that the European settlers were
important carriers of pathogens to the New World. Future studies
to detect MTC in pre-Colombian populations, as well as to charac-
terize and compare the MTC species and M. tuberculosis strains
from historical populations, should be conducted in order to estab-
lish the paleoepidemiology and historical epidemic of TB in the
New World.
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